ABSTRACT. ABSTRACT. ABSTRACT. We report on the effect of the alkoxy chain length on the thermodynamic properties of neutral and the corresponding radical cations of 3-(2',5'-dibutyloxyphenyl)thiophene (DBOPT), 3-(2',5'-diheptyloxyphenyl)thiophene (DHOPT), and 3-(2',5'-dioctyloxyphenyl)thiophene (DOOPT) and their dimers studied by Hartree-Fock (HF) and Density Functional Theory (DFT) methods. The DFT calculations suggest that dimers of the dialkoxyphenylthiophenes with longer side chains are thermodynamically more stable by about 61.39 kJ/mol than the ones with shorter side chains at the radical cation state. The results correlate well with the experimental observations made during the electrochemical synthesis of these polymers from their monomers.
INTRODUCTION
Electronically conducting polymers, like polyaniline, polythiophene, poly(p-phenylene vinylene) and polypyrrole, have attracted a lot of interest because of the large number of possible applications of these materials in various electronic devices such as solar cells, electrochromic displays (ECD), light emitting diodes (LED), field effect transistors (FET) and chemical sensors [1] [2] [3] [4] [5] [6] .
Quantum chemical studies on the electronic structures of conducting polymers have contributed a lot to the understanding of the structure-property relationships of known polymers and to the prediction of new ones prior to chemical synthesis [7] [8] [9] [10] [11] [12] [13] [14] .
We reported earlier the experimental studies on the electrochemical synthesis and photoelectrochemical properties of polymers derived from 3-(2',5'-dibutyloxyphenyl)thiophene (DBOPT), 3-(2',5'-diheptyloxyphenyl)thiophene (DHOPT) and 3-(2',5'-dioctyloxyphenyl)-thiophene (DOOPT) [15] . We observed that the strength of adherence of the polymers to bare glassy carbon and indium tin oxide (ITO) electrodes follows the order of increasing side chains of the alkoxy groups: PDBOPT < PDHOPT < PDOOPT. Attempt to polymerize DBOPT, the compound with the shortest alkoxy side chain, was not successful because it adhered slightly on bare glassy carbon and poorly on ITO-glass. The detachment from the electrodes was assumed to be due to the high reactivity of the species generated upon monomer oxidation, which diffused away from the electrodes in to the solution by forming oligomers [15] [16] .
In this paper, we report the results of our calculations on the change in thermodynamic properties corresponding to the oxidation process and geometrical changes of neutral and radical cations of DBOPT, DHOPT, and DOOPT monomers ( Figure 1 ) and their dimers using Hartree-Fock (HF) and Density Functional Theory (DFT) methods to understand the difference in stabilities and properties observed experimentally by these materials [15] [16] . 
COMPUTATIONAL METHODS
The initial geometries of the neutral and radical cations of the monomers and dimers were optimized by Becke's three-parameter hybrid functional for exchange, combined with the correlation functional due to Lee, Yang, and Parr (DFT/B3LYP) [17] [18] and Hartree-Fock methods [19] at STO-3G, 3-21G* and 6-31G* [19] levels which were shown to produce reliable results for organo-sulfur molecular systems [20] [21] . The optimized structures of the radical cations were obtained by removing an electron from the optimized geometries of the neutral forms and performing further optimizations.
Based on the optimized geometries, the thermodynamic properties and band gaps of all the compounds were calculated by HF methods using the STO-3G basis set and by the B3LYP method using STO-3G, 3-21G* and 6-31G* basis sets [22] [23] . The 3-21G* and 6-31G* basis sets give extra d-orbital for sulfur and oxygen atoms and improve the calculations [19] . The changes in the thermodynamic properties were calculated by subtracting the thermodynamic properties of the neutral species from the radical cations [22] . All calculations were performed using the Gaussian 03W program package at 298.15 K [24] .
RESULTS AND DISCUSSION
The calculated bond lengths for the optimized structures of the monomers and dimers are shown in Tables 1-4. The numbering system followed for the dialkoxyphenylthiophenes is shown in Figure 2 .
For the three monomers, the C 4 C 5 bond length decreases upon removal of an electron. This bond was a double bond in the neutral state and retained its double bond character after removal of an electron since the change is small. On the other hand the length of the C 2 C 3 bond increased after oxidation, which indicates a single bond character in the radical cation. The C 3 C 4 bond was a single bond in the neutral state and after oxidation its length still increased. This shows that the C 3 C 4 bond also retained its single bond character. These results clearly showed that the π-bond that is more susceptible for the oxidation process is the one on the C 2 C 3 double bond. The S 1 C 2 bond length decreased upon the removal of an electron but the S 1 C 5 bond length increased, which shows that the S 1 C 2 bond exhibits double bond character in the radical cations. The inter-ring bond length decreased, which indicates the formation of a double bond after the removal of the electron. In the case of the phenyl rings, the C 1′ C 2′ , C 2′ C 3′ , C 4′ C 5′ , C 5′ C 6′ bonds became longer, and C 2′ O, C 5′ O bond lengths decreased which indicates a double bond character.
For all the three dimers, the bond lengths of the C 4 C 5 , C 2 C 3 , S 1 C 2 , S 1′ C 2′ , C 2′ C 3′ and C 4′ C 5′ bonds increased while the bond lengths of the S 1 C 5 , C 3 C 4 , C 2 C 2′ , C 3′ C 4′ , and S 1′ C 5′ bonds decreased. These calculations suggest an increase of single bond character for the former and an increase of double bond character for the latter bonds up on oxidation. All the inter-ring bonds attained double bond character and the results indicate that the electron was removed from the C 4′ C 5′ double bond since its length increased. For the monomers, an electron was removed from the C 2 C 3 π-bond since its length increased, and the C 4 C 5 bond retained its double bond character in the radical cation.
These changes in the structural parameters were observed for all the three dialkoxyphenylsubstituted thiophenes, except for slight changes in bond lengths, in both the neutral and radical cations, with increasing the chain length of the alkoxy substituents. The C−C bond lengths of the thiophene ring were decreased with increasing the alkoxy chain lengths, while the C−S bond lengths were increased. The inter-ring and C−O bond lengths were also increased with increasing the chain lengths of the alkoxy substituents as shown in Table 4 .
The C−C and C−O bond lengths of the monomers and their dimers show a small difference in both the neutral and radical cations with increasing chain length of the alkoxy substituents. The C 2′ -O bond in the neutral DBOPT has a length of 1.37081 Å. The corresponding bond lengths of DHOPT and DOOPT are 1.37088 Å and 1.37092 Å, respectively. For both the monomers and dimers, C−O bond lengths became shorter up on the removal of an electron, indicating a partial double bond character and delocalization of the radical and the cation.
For the dimers of DBOPT and DHOPT, the dihedral angles between the two thiophene rings (S 1 -C 2 -C 2′ -S 1′ ) have been varied in 10 o steps and the single point energy was calculated to compare the effect of the chain length on the dihedral angle of the stable conformer. From the single point energy versus dihedral angle plot shown in Figure 3 , it is observed that the two dimers have different dihedral angles at their stable conformations. The dimer of DBOPT, with the shorter alkoxy chain length, is stable at a dihedral angle of 120 o whereas the dimer of DHOPT is stable at 130 o . This result shows that the alkoxy chain length has an effect on the rotation of the adjacent rings along the thiophene-thiophene inter-ring bond.
The dihedral angles between the thiophene and phenyl rings for the dimers (C 2 -C 3 -C 1′′ -C 6′′ ) were also calculated and plotted in Figure 4 . From the figure it is observed that the chain length of the alkoxy substituent affected the thiophene-phenyl inter ring dihedral angle. The dimer of DBOPT has five minima, whereas the dimers of DHOPT and DOOPT have four minima, which shows five conformers for the former and four for the latter two. The dimer of DBOPT has a global minimum at 250 o whereas both the dimers of DHOPT and DOOPT have a global minimum at 230 o . From the plot, it is observed that longer side chains restrict the number of possible conformations at the energy minimum.
The Mulliken charges calculated for the three monomers and their dimers are tabulated in Tables 5 and 6 . From the Mulliken charges of the monomers, it was observed that the cations can delocalize on all the carbons since their charges became more positive up on oxidation. The phenyl and the alkoxy substituents made the carbon atoms, at which they are attached, more positive than the other carbon atoms. This indicates that the alkoxy and phenyl substituents have electron withdrawing properties. The lengths of the alkoxy substituents have negligible effect on the charges of the carbon and sulfur atoms. The changes in charges, before and after oxidation, on carbon atoms at position 4, and 5, in both the monomers and dimers, are different. For example, for the dimer of DBOPT, the charge on C 5 is -0.357 in the neutral form and -0.351 in the radical cation (a difference of 0.06), while the charge of the carbon atom at position 4 of the dimer of DBOPT is -0.101 in its neutral form and -0.086 in its radical cation (a difference of 0.015). Similarly, the charge on carbon atom 3 was 0.092 before oxidation and 0.102 after oxidation, which has a difference of 0.01, whereas for carbon atom 2 the charge before oxidation was -0.225 and after oxidation it was -0.210, with a difference of 0.015. These results suggest that the positive charge resided on carbons 4 and 5. When carbon 3 is compared with carbon 4, the change is very small suggesting that as the electron is removed, the cation will reside on carbon atom 2 and the odd electron stays at carbon atom 3. These observations agree with the calculated optimized bond lengths.
The band gaps for the monomers and the dimers were calculated using B3LYP/6-31G* level of calculation and are listed in Table 7 . From the table it is observed that the compound with shorter alkoxy substituent has relatively wider band gap than the other two in their neutral and radical cation states. On the other hand, DHOPT and DOOPT have comparable band gaps in both the neutral and radical cations of the monomers and the dimers. It was observed that up on dimerization and removal of an electron, the band gaps for both the monomers and dimers decreased. The thermodynamic properties calculated for the monomers and their dimers are summarized in Table 8 . The three dialkoxyphenylthiophenes show very small difference in the change in thermodynamic properties calculated by HF/STO-3G level of theory. But in the DFT/B3LYP/STO-3G, DFT/ B3LYP/3-21G* and DFT/ B3LYP/6-31G* levels of calculation larger difference in thermodynamic properties were obtained between the three monomers and their dimers. DOOPT showed a smaller change in Gibbs free energy than DHOPT and DBOPT. The dimers also show similar behavior like the monomers as shown in Table 8 . For example, the dimer of DOOPT has a smaller change in Gibbs free energy (a difference of 61.39 kJ/mol, Table  8 , B3LTP/6-31G*) than the dimer of DBOPT. From all the levels of calculations, compounds with longer alkoxy substituents on the phenyl ring have lesser value of change in Gibbs free energy. These lesser values of Gibbs free energy change for DOOPT suggest that the oxidized state is lees reactive to form dimers or oligomers that quickly diffuse away from the electrode surface into the solution. On the contrary, those with relatively higher values of Gibbs free energy change are more reactive in their oxidized state and the tendency to form dimers and oligomers that diffuse away from the electrode surface into the solution is high and forming stable polymer film at the electrode surface becomes difficult. This was observed during the electrosynthesis of electroactive conductive polymers from the corresponding monomers as reported earlier [15] .
The incorporation of alkoxy side chains help the dialkoxyphenylthiophene radical cations to disperse the positive charge through the hyperconjugative effect. The dispersal of the positive charge increases the stability of the radical cations, which is favored by the smaller change in Gibbs free energy. The dialkoxyphenylthiophenes with the longer alkoxy substituents have more possibilities for the delocalization of the cation through the hyperconjugative effect. The hyperconjugation in the radical cation derived from DBOPT is shown in Scheme 1.
